interactions which can be done when more structural information is available, but they do provide order of magnitude estimates of interaction strengths. Evidently, considerable rearrangement of charge driven by reduction significantly raises the effective dielectric.
Introduction
A wide variety of bacteria can respire using nitrate as an electron acceptor. Nitrate reductase catalyses the two electron reduction of nitrate to nitrite, and this reaction is the first step in denitrification. Nitrate reductases are, however, not restricted to denitrifying bacteria, and many enteric bacteria, for example, Escherichia coli, are capable of nitrate respiration [l] . In addition to their importance in the Nitrogen Cycle, bacteria also have a major role in the cycling of sulphur through their use of oxidized Abbreviations used: DMSO, dimethyl sulphoxide; DMS, dimethyl sulphide; nay, nitrate reductase gene; dms, DMSO reductase gene. sulphur compounds as electron acceptors. Although the reduction of inorganic sulphur compounds such as sulphate is well established it is now also known that about 50% of the global flux of sulphur is in the form of organic sulphur, especially dimethyl sulphoxide (DMSO) and dimethyl sulphide (DMS) [Z] . DMSO reductase catalyses the two electron reduction of DMSO generating DMS, and over the last decade many bacteria which can respire using DMSO as an electron acceptor have been identified. These include photosynthetic bacteria of the genus Rhodobacter and enteric bacteria exemplified by E. coli A unifying property of nitrate reductases and DMSO reductases is that they are molybdenumcontaining enzymes [ 3 ] . However, there are signifi-cant differences in the organization and molecular properties of the DMSO respiratory components of photosynthetic bacteria and those of enteric bacteria. Intriguingly, these differences are also seen when the nitrate respiratory chains of photosynthetic bacteria and those of bacteria exemplified by E. coli and Paracoccus denitnhans are compared.
The membrane-bound nitrate reductase and DMSO reductase of E. coli
The nitrate reductase and DMSO reductase of E.
coli have been purified and their cognate DNA sequences have been determined. Structural genes encoding nitrate reductase are narc, narH, narJ, and narI [4] while a single operon dmsABC encodes DMSO reductase [ 51. Sequence identity has been established between the NAR G polypeptide (a subunit of nitrate reductase), and DMS A [5] . There is also evidence, based primarily on sequence alignments of a variety of molybdenumcontaining enzymes that these polypeptides contain the binding site for the molybdenum cofactor [5] .
NAR H (or /? subunit) and DMS B contain conserved cysteine residues and they appear to be the iron-sulphur components of nitrate reductase and DMSO reductase respectively [4, 51. The a/? subunits of nitrate reductase and DMS AB can be isolated as water-soluble complexes which is consistent with the view that they are peripherally located on the membrane. The enzymes may be anchored to the membrane by the very hydrophobic membrane proteins DMS C and NAR I. NAR I is also known as the y subunit and it is a component of the nitrate reductase purified from membranes in the presence of detergents [6] . NAR I is a b-type cytochrome and in I? denitnificans it is established that it contains two b-type haem centres [7] . This cytochrome b confers on the nitrate reductase complex the ability to use ubiquinol as an electron donor [6, 71 . Similarly, the DMS C subunit is essential for menaquinol : DMSO oxidoreductase activity [ 81.
Electron transfer components of nitrate and DMSO respiration in Rhodobacter capsulatus
In E. coli both nitrate reductase and DMSO reductase utilize quinol as an electron donor and electron transfer to nitrate or DMSO occurs via this discrete complex. This contrasts with the situation in the photosynthetic bacterium R. capsulatus where both the nitrate reductase and DMSO reductase have been found to be enzymes composed of a single polypeptide of Mr=82000 [9, 101. The two enzymes also contain a molybdenum cofactor as sole prosthetic group and they are water-soluble, being located in the periplasm of R. capsulatus. The components involved in electron transfer from ubiquinol to the periplasmic nitrate reductase have recently been identified [ 1 13 . Malate-reduced minus nitrate-oxidized difference spectra of intact cells of R. capsulatus exhibit absorption maxima in the aregion for cytochromes at 552 nm and 559 nm. The latter is indicative of the presence of a b-type cytochrome in the nitrate respiratory pathway. This cytochrome may be a part of a ubiquinoloxidizing complex which is distinct from the cytochrome bc, complex since myxothiazol and antimycin do not affect respiratory activity. Interestingly, 2-n-heptyl-4-hydroxyquinoline-N-oxide does prevent nitrate respiration and the site of action of this inhibitor appears to be on the reducing side of the cytochrome b [ l l ] . The cytochrome cSs2 involved in nitrate respiration has been purified from periplasmic fractions as part of a nitrate reductase-cytochrome css2 complex. This cytochrome has a subunit M, = 13 000 and a mid-point potential (pH 7) of + 165 mV, and electron transfer to nitrate reductase has been demonstrated. The cytochrome can be dissociated from nitrate reductase by chromatography on phenyl-Sepharose which suggests that the two proteins form a complex which is stabilized by hydrophobic interactions. This is quite unusual since electrostatic forces appear to dominate in the interactions between most periplasmic electron transfer proteins which have been studied.
Cytochromes involved in DMSO respiration have also been identified spectroscopically [ 121, and they include a cytochrome b, which is distinct from the cytochrome bSs9 described above and from the cytochrome bc, complex and cytochrome cSSh [12] . Cytochrome css6 is periplasmic and has a mid-point potential (pH 7) of + 105 mV. This cytochrome can transfer electrons to DMSO reductase, although it is not clear whether it is the direct donor to the enzyme.
The above work clearly shows that the nitrate respiratory and DMSO respiratory components of photosynthetic bacteria are quite distinct from their counterparts in enteric bacteria. However, in spite of the biochemical data available for both R. capsulatus and R. sphaeroides it is not yet possible to identify the relationship of the components of nitrate respiration and DMSO respiration to other redox proteins. Clearly, DNA sequence data for these systems will be of immense value. couple is + 160 mV and it may be significant that menaquinol is the electron donor in the DMSO reductase of E. coli The Eo' of the menaquinol/ menaquinone couple is -74 mV; this is much lower than that of ubiquinol/ubiquinone and it may provide sufficient thermodynamic driving force to allow the generation of a proton electrochemical gradient to be coupled to the electron transfer between quinol and DMSO. However, it has not yet been established whether DMSO reductase operates as a classical redox loop. T o investigate this it will be important to know more about the location of the menaquinol oxidation site in DMSO reductase and to determine whether quinol : DMSO reductase can translocate protons.
Although it has been established that nitrate respiration and DMSO respiration in intact cells of R. cupsulatus are linked to generation of a membrane potential, it is possible that electron transfer between NADH and ubiquinone, but not between ubiquinol and nitrate is linked to energy conservation. The periplasmic location of nitrate reductase in R. cupsulatus should result in an outward movement of an electron and a proton and as a consequence there is no net charge movement during electron transfer between ubiquinol and nitrate. For similar reasons electron transfer between ubiquinol and DMSO is not likely to be linked to energy conservation.
Nitrate reductase and DMSO reductase of photosynthetic bacteria are novel molybdoenzymes
The molybdenum-pterin cofactor, which is found in all molybdoenzymes apart from nitrogenase, has been identified in nitrate reductase and DMSO reductase of R. cupsulatus [9, 101. The cofactor consists of a 2-amino-4-hydroxy tetrahydropteridine with a side chain in the 6-position bearing two thiolate ligands to which Mo is co-ordinated. More recently it has been demonstrated that the Mopterin cofactor of DMSO reductase in R. sphaeroides is linked via a pyrophosphate bond to GMP to form a novel form of the molybdenum cofactor molybdopterin guanine dinucleotide [ 141. It will be interesting to determine how widespread this modified form of the molybdenum cofactor is in prokaryotic and molybdoenzymes. The novel feature of DMSO reductase and nitrate reductase is that the absence of additional prosthetic groups has allowed the visible absorption properties of the relatively weak Mo absorbance to be investigated. This is illustrated in the case of DMSO reductase from R. cupsulatus. The enzyme exhibits absorption bands between 380 nm and 520 nm and at 700 nm in the oxidized form. These bands most probably arise from the interaction of the molybdenum centre with sulphur and 0x0-ligands and are attributable to the Mo(V1) form of the enzyme, since they are bleached upon addition of dithionite. These properties should allow optical spectroscopy to be used to investigate the role of the molybdenum cofactor in 0x0-group and electron transfer. This work was supported by grants from the S.E.R.C.
Introduction
The enzymes which comprise the prokaryotic and eukaryotic respiratory chains are typically membrane-bound multi-subunit complexes. In mitochondria they tend to be more complex protein conglomerates than in bacteria. In both eubacteria and archaebacteria respiratory enzymes seem to contain only the functional cores of their eukaryotic sisters. In the simplest cases they may have only a single subunit but still retain at least a part of the relevant catalytic function [ 1, 2] .
The archaetype of this family is the mitochondrial cytochrome c oxidiase (1.9.3.1) or cytochrome aa3, which has, depending on the species, from seven to thirteen different subunits, contains two haem A groups and two redox-active copper ions, and functions as a redox-linked proton pump [3-51. Many bacteria have a similar cytochrome aa, but this has only three or four subunits [4, 61. Different types of terminal oxidases, many of which are known to have subunits homologous to those in the mitochondrial enzyme but which contain different prosthetic groups, are frequently found in bacteria [6- 81. This short review will focus on these bacterial quinol and cytochrome c oxidases.
Cytochrome c and quinol oxidases
The function of terminal oxidases, which transfer electrons from a quinol directly to oxygen, covers two terminal steps of the mitochondria1 respiratory chain, where cytochrome c reductase and oxidase *Corresponding author. tPermanent address: School of Chemical Sciences, University of Illinois, Urbana, Illinois 61801, U S A . Abbreviations used: COI, subunit I; COII, subunit 11; N20K, nitrous oxide reductase.
together catalyse this reaction. The latter system, also employed in bacteria [6] , is mechanically able to conserve more energy from quinol oxidation than any of the bacterial quinol oxidases studied so far [4] . The Escherichia coli cytochrome bo quinol oxidase is the best studied enzyme in the group, and now an established member of the oxidase family [8] . Being a proton pump [9] , it shares functional properties with cytochrome c oxidases.
The E. coli cytochrome 60 complex appears to have four different subunits [8] . These 
Metal binding sites
Spectroscopic studies, which have characterized the ligands that co-ordinate the four redox centres to the apoproteins, have been summarized and discussed in recent reviews [3] [4] [5] 131 . In cytochrome c oxidase, Cu, is a centre which is involved in the transfer of the electrons from cytochrome c to the bimetallic active site. It probably has two histidine and two cysteine Iigands, although the involvement of additional or other types of ligands cannot be excluded. At least two cysteines of the Cu,-binding site are in subunit I1 (COII). Cytochrome a is a redox centre, which together with Cu, is involved in the intramolecular electron transfer. The iron of cytochrome a is co-ordinated to two histidines, and four histidines are probably involved in binding of the bimetallic cytochrome a,-Cu, active site. All of these residues may reside in subunit I (COI) [3, 4] .
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